Pseudomonads catabolize a wide range of aromatic compounds, and almost all of our present knowledge on aromatic degradation has come from studies with these organisms (6, 15) . As well as delineating many catabolic sequences, such studies have also resulted in the discovery of aromatic catabolic sequences encoded in plasmids (4, 7, 16) .
Although Escherichia coli has been used for many studies in microbial biochemistry its ability to grow on aromatic compounds has not been studied. That E. coli can catabolize aromatic compounds involved in the degradation of the aromatic amino acids phenylalanine and tyrosine perhaps should not be so surprising since the organism may meet such compounds in its intestinal-fecal environment. In fact, a recent paper identifying a variety of aromatic products formed by the fecal degradation of tyrosine (14) shows that such compounds are present in the normal environment of E. coli. We have observed that E. coli is capable of utilizing certain aromatic compounds and, as described in this paper, the sequence for 4-hydroxyphenylacetate (4-HPA) catabolism appears to be identical to that already established for certain pseudomonads and species of Acinetobacter (1, 11, 13) (Fig. 1) . However, unlike fluorescent pseudomonads (P. J. Chapman, personal communication) and Acinetobacter (13) , E. coli catabolizes 3-hydroxyphenylacetate (3-HPA) and 4-HPA by the same metabolic pathway. 
MATERIALS AND METHODS
Bacterial strains and growth conditions. E. coli strains B and C were obtained from the E. coli Genetic Stock Center, Yale University, New Haven, Conn. E. coli K-12 strain K10 and E. coli strain W were from laboratory stocks. They were grown aerobically at 37°C in a minimal medium described previously by Hareland et al (9) . Carbon sources were sterilized separately and added to give the indicated final concentrations of HPA (5 mM) or succinate (15 mM) as appropriate.
Cell-free extracts. Bacteria from 500 ml of medium were harvested in the late logarithmic phase of growth and washed with 40 ml of 0.1 M sodium-potassium phosphate buffer (pH 7.0), and the cell paste was frozen at -20°C. The frozen cells were broken in a
Hughes press and extracted with 3 CHMA decarboxylase was assayed by observing the decrease in absorbance at 300 nm that occurred as the substrate was transformed. The rate of decarboxylation was calculated from e = 20,000 for CHMA computed from the data of Sparnins et al. (13) . Cuvettes contained the following in 1.0 ml: 60 nmol of CHMA and 5 ,umol of MgSO4, and the reaction was started by adding 0.1 to 0.2 mg of crude extract protein.
Succinate semialdehyde dehydrogenase (EC 1.2.1.16) was assayed from the increase in absorbance at 340 nm as NAD(P) was reduced. Reaction mixtures contained 0.3 ,umol of NAD(P) and 0.05 to 0.10 mg of crude extract protein in 1.0 ml, and the reaction was started by the addition of 1 umol of succinate semialdehyde. The value E = 6,200 was used to calculate the amount of NAD(P)H formed.
Isolation of mutants. To select 4-HPA-negative mutants, cultures of E. coli strain C were mutagenized in minimal salts medium with ethylmethanesulfonate as described by Miller (12) . Survivors were allowed to grow overnight at 37°C in succinate minimal medium. Samples of these cultures were then grown on 4-HPA and treated with penicillin (12) . The surviving cells were harvested and spread onto succinate plates. The colonies obtained were replica-plated onto 4-HPA plates to identify the 4-HPA-negative mutants.
Analytical methods. The 2,4-dinitrophenylhydrazones of pyruvate and succinate semialdehyde were separated by thin-layer chromatography (13); pyruvate and succinate semialdehyde were determined enzymically, as described by Sparnins et al. (13) .
Chemicals. 2-, 3-, and 4-HPA, 2,5-dihydroxyphenylacetate, 3,4-dihydroxyphenylacetate, 4-aminobutyrate, crystalline DNase, crystalline lactate dehydrogenase, and crystalline bovine serum albumin were all from Sigma Chemical Co. Succinate semialdehyde was synthesized as described by Jakoby (10) . CHMSA and CHMA were prepared enzymatically from 3,4-dihydroxyphenylacetate by using extracts prepared from 4-HPA-grown Pseudomonas U, as described by Sparnins et al. (13) . Aqueous solutions of CHMSA and CHMA (approximately 5 mM concentration) were stored at -20°C.
RESULTS
Growth on hydroxyphenylacetic acids. E. coli strains B, C, and W, but not strain K-12, grew readily at the expense of either 3-HPA or 4-HPA. In a minimal salts medium at 370C E. coli strain C grew on either 3-HPA or 4-HPA with a doubling time of 105 min. Neither E. coli strain C nor any of the other E. coli strains grew at the expense of 2-HPA.
Oxidative abilities of whole cells. When succinate-grown cells of E. coli strain C were tested for their ability to oxidize various aromatic compounds related to hydroxyphenylacetic acid, rates of oxidation were not significant (Table 1) . However, when cells growing on succinate were exposed for 2 h to 4-HPA, the cells were induced to oxidize 3-HPA, 4-HPA, and 3-4-dihydroxyphenylacetate, but failed to oxidize 2,5-dihydroxyphenylacetate. When 3-HPA was used instead of 4-HPA in such experiments, the induction pattem was similar to that for cells grown in the presence of 4-HPA (Table 1) . Cells grown on succinate in the presence of 3,4-dihydroxyphenylacetate readily oxidized that aromatic compound, but none of the other compounds tested, including 3-and 4-HPA, was oxidized (Table 1) .
Evidence for the 3,4-dihydroxyphenylacetate pathway in E. coli The results of the whole-cell oxidation experiments suggested that both 3-and 4-HPA were catabolized by the 3,4-dihydroxyphenylacetate pathway (Fig. 1) rather than by the 2,5-dihydroxyphenylacetate pathway (3, 5) . To obtain further information about this reaction the various enzymes involved were sought in crude extracts of E. coli strain C. (Table 2 ). The spectrum of the yellow-green reaction product formed from 3,4-dihydroxyphenylacetate when measured in acid or base was identical to that expected for CHMSA (13) . When (13) (Fig. 1) . In reaction mixtures containing 0.1 M sodium-potassium phosphate buffer (pH 7.5) and 5 Table 2 ). After 10 min of incubation to allow the subsequent reactions to proceed, the wavelength was changed to 340 nm, and the amount of succinate semialdehyde formed was measured as the total increase in extinction on addition of NAD due to the activity of endogenous succinate semialdehyde dehydrogenase. When NADH production had ceased more NADH was added followed by 5.5 U of crystalline lactate dehydrogenase, and the total decrease in extinction due to reduction of the pyruvate present was determined. In such experiments the amounts of succinate semialdehyde and pyruvate produced were always equivalent. The identity of these products was confirmed by chromatographic analysis of their 2,4-dinitrophenylhydrazones (13 Succinate semialdehyde dehydrogenase. Succinate semialdehyde dehydrogenase was present at high activity in extracts prepared from both 3-and 4-HPA-grown cells (Table 2) , and the rate with NAD as coenzyme was almost 3 times that with NADP. Extracts prepared from succinate-grown cells had less than 4% of this activity. However, when cells were grgwn at 300C on succinate with 4-aminobutyrate instead of NH4Cl as nitrogen source succinate semialdehyde dehydrogenase was again induced and the activity with NAD (0.17 pmol min-1 mg protein-') was again almost three times higher than that with NADP.
Growth characteristics of 4-HPA-negative mutants. Mutants unable to grow on 4-HPA but still capable of growth on succinate were isolated as described in Materials and Methods. All such mutants when tested were also unable to grow on 3-HPA.
When growth on 3,4-dihydroxyphenylacetate was checked some mutants grew as readily as the parent organism, suggesting that their defect was in either the uptake or hydroxylation of 3-or 4-HPA. When extracts were prepared from such mutants grown on succinate and induced for 2 h by the further addition of 5 mM 4-HPA, no 3-or 4-HPA hydroxylase could be detected.
Other kinds of mutants could be identified by (1, 11, 13) (Fig. 1 ). E. coli strain C also appears to catabolize 3-HPA by this same route, whereas 3-HPA is hydroxylated by other organisms to give 2,5-dihydroxyphenylacetate, which is catabolized to fumarate and acetoacetate (5, 13) .
This inducible pathway for 3-and 4-HPA catabolism which involves at least eight enzymes (including a permease) is by far the longest catabolic sequence yet described for E. coli. It will be of interest to study the Thus, a single protein common to both 3-and 4-HPA catabolism may be defective in such mutants. This protein may be one of the following: (i) a regulator protein controlling a single uptake system that transports both 3-and 4-HPA; (ii) a single transport system for both 3-and 4-HPA; (iii) a regulator protein controlling a single hydroxylase for both 3-and 4-HPA; (iv) a single hydroxylase acting on both 3-and 4-HPA; or (v) a common regulator gene product controlling separate operons for enzymes in- 
